, and CRF12-13) and displaying a viral load range of 200 to >500,000 RNA copies/ml was 97%. The drug susceptibility measurements, based on discrimination between infected and noninfected cells on a single-cell level by flow cytometry, were reproducible, with coefficients of variation for resistance ranging from 7% to 31%, and were consistent with scientific literature in terms of magnitude and specificity.
Despite continued improvements in treatment of human immunodeficiency virus type 1 (HIV-1)-infected patients, therapy failure still occurs, often leading to drug resistance development, which necessitates a change in regimen. At this moment, clinicians have at their disposal 22 drugs, targeting the viral protease (PR), the reverse transcriptase (RT), the integrase (IN), the transmembrane glycoprotein (gp41), or the interaction between the surface glycoprotein (gp120) and the cellular coreceptor CCR5. The choice of which drugs to include in the next regimen is based upon the likelihood of the drugs being active against the mutant virus present in the patient with incomplete suppression of replication (11) .
Currently, genotypic drug resistance testing is used more frequently within the clinical setting of patient follow-up due to practical reasons, such as a shorter turnaround time, easier implementation within laboratories, and lower cost, but also due to the fact that no clinical trial has yet provided sufficient evidence for supporting phenotypic over genotypic drug resistance testing. Nevertheless, the interpretation of genotypic drug resistance testing can be very complex, which makes phenotypic drug resistance testing in certain settings very useful and even necessary (48) .
Increasing numbers of drug resistance mutations have been identified within gag, pol, and env, reflecting the genetic flexibility of HIV-1. These mutations can directly boost the ability of the virus to specifically replicate in the presence of the drug (major mutations) or indirectly aid the virus by increasing its replication capacity in general, whether in the presence or absence of the drug (minor or compensatory mutations). In general, the major mutations are found at the drug binding sites within the targeted protein (or the viral protein that interacts with the cellular target), whereas the others can be found at distinct sites within the target protein or even other proteins. In this respect, PR inhibitor (PI) mutations have been observed not only within the PR but also at several sites within its Gag substrate (13, 28) .
The use of genotypic data to determine if certain drugs are still active against patient-derived virus is further complicated by the presence of natural polymorphisms in non-B strains and by baseline subtype-dependent combinations of mutations that occur during treatment, leading to discordances between different interpretation algorithms (43, 51) . Several studies have revealed novel mutations or differences in the prevalence of known mutations in non-B subtypes (1, 3) . Others have demonstrated the impact of the genetic background on subtype dependencies in drug susceptibility and resistance development (2, 6, 7). In this respect, phenotypic drug resistance test-ing is a very useful tool to determine the effects of specific mutations or combinations thereof in their respective backbones and to improve genotypic drug resistance interpretation in the long run.
For newly approved drugs, the relationships between genetic changes in the target region and the clinical response still need to be established. Phenotypic assays can determine whether or not the new drug is active against the patient-derived virus and could be included in the next regimen (23) . They also allow the investigation of potential cross-resistance for novel drugs with similar mechanisms of action to those of drugs included in previous regimens (8) .
In this paper, we describe a novel assay based on the creation of recombinant replication-competent viruses that enables determination of the impact of mutations and combinations of mutations on susceptibility toward all clinically approved HIV-1 inhibitors. The recombinant viruses are tagged with the enhanced green fluorescent protein (EGFP) reporter gene, which allows for discrimination between infected and noninfected cells on a single-cell level by flow cytometry, which provides a high sensitivity. The assay was designed such that it offers a uniform methodology for all currently approved inhibitors, regardless of subtype or cellular tropism of the viral strains tested.
(ii) Validation samples. Plasma samples were obtained from patients attending the AIDS Reference Centers at the University Hospitals Leuven (a kind gift of E. Van Wijngaerden).
Plasmids containing the HIV-1 wild-type RT or env sequence were generated by amplifying the RT region from p83-2 or the env region from p83-10, BaL, or HE, using PfuTurbo DNA polymerase (Stratagene, Amsterdam, The Netherlands), and subsequently cloning the sequence by use of a Topo XL PCR cloning kit (Invitrogen). These constructs were used as templates in site-directed mutagenesis experiments to generate the following reference plasmids: p83-10-gp41-D36G (wild type for ENF), p83-10-gp41-D36G-V38M, envBaL-gp41-V38M, envHE-gp41-V38M, RT-Q151M, RT-K70R, RT-K65R, and RT-A62V-S68G-V75I-I77L-F116Y-Q151M. All nucleotide sequences were verified.
Quantification of virus and infected cells. (i) Viral load. The plasma viral load was determined using Versant HIV-1 RNA 3.0 assay (bDNA assay; Bayer HealthCare, Brussels, Belgium) and Abbott RealTime HIV-1 assay (Abbott Molecular, Louvain-La-Neuve, Belgium).
(ii) Viral core antigen. HIV-1 core antigen (p24 Ag) in the supernatant was analyzed with an Alliance HIV-1 p24 antigen enzyme-linked immunosorbent assay kit (Perkin-Elmer Life and Analytical Sciences, Brussels, Belgium).
(iii) Viral titer. A viral stock was titrated by plating 20,000 U87.CD4.CCR5. CXCR4 cells per well in a 96-well plate 2 h in advance and infecting them afterwards with 1/2 serial viral dilutions (in triplicate). Twenty-four hours after infection, the supernatant was removed, and cells were washed with phosphate-buffered saline (PBS), trypsinized, and fixed with 2% paraformaldehyde in PBS. Subsequently, EGFP expression was quantified by flow cytometry.
(iv) Cells infected with EGFP-tagged virus. The percentage of EGFP-expressing cells was determined using a FACSCantoII flow cytometer (BD Biosciences, Erembodegem, Belgium) equipped with a high-throughput sampler. EGFP was excited using a 488-nm-wavelength argon-ion laser, and EGFP expression was detected using a 530/30-nm-band-pass filter. Data were analyzed using FACSDiva v5.0.2 software (BD Biosciences). Forward-versus side-scatter plots were used to exclude dead cells and debris from analysis. Acquisition was stopped when 10,000 gated events were counted. Analytical gates were set in such a manner that fewer than 0.1% of uninfected cells were within the EGFP-positive region.
Extraction. (i) RNA extraction. For clinical samples and their III B reference, 1-ml plasma samples or virus supernatant was ultracentrifuged at 37,100 ϫ g for 1 h to pellet the virus, and samples were extracted subsequently using the extraction procedure from the Viroseq HIV-1 genotyping system (Abbott Molecular, Louvain-La-Neuve, Belgium).
For recombinant viruses, 20 l of virus supernatant was incubated with 560 l AVL lysis buffer (Qiagen, Venlo, The Netherlands) for 10 min at room temperature. Subsequently, viral RNA was precipitated with isopropanol, washed with 70% ethanol, and resuspended in 50 l of RNase-free water (Sigma-Aldrich).
(ii) DNA extraction. Plasmid DNA was purified using a QIAprep Spin miniprep kit (Qiagen) or an Endofree plasmid maxi kit (Qiagen) when DNA was used for transfection experiments.
Primer design. The PCR and sequencing primers were designed using sequence alignments for several HIV-1 group M strains (19) . Primers were developed and analyzed using Oligo software (Medprobe, Oslo, Norway). The primers were synthesized by Invitrogen.
cDNA synthesis and amplification. Ten microliters of a 50-l RNA extract was reverse transcribed and amplified in a one-step RT-PCR, using the SuperScript III one-step RT-PCR system with Platinum Taq high-fidelity polymerase (Invitrogen) in the presence of 10 U of Protector RNase inhibitor (Roche Diagnostics, Vilvoorde, Belgium). Inner PCR products were obtained by adding 1 to 5 l outer PCR product to an inner PCR mix, using the Expand high-fidelity PCR system (Roche Diagnostics). Primers and cycling conditions are displayed in Tables 1 and 2 , respectively. Amplification products were separated in a 1% agarose gel and visualized by ethidium bromide staining. The images were processed on a video imager (ImageMaster VDS; GE Healthcare, Diegem, Belgium).
Sequencing. PCR products for population sequencing were purified with Microspin S-400 (GE Healthcare). Sequencing was performed using an ABI Prism BigDye Terminator v3.1 ready reaction cycle sequencing kit (42, 47, 49, 50) . The sequencing reactions were run on an ABI 3100 genetic analyzer (Applied Biosystems, Nieuwerkerk a/d Ijssel, The Netherlands). The sequences were analyzed using Sequence Analysis, version 3.7, and SeqScape, version 2.0 (Applied Biosystems).
Transfection, subcultivation, and harvest of recombinant viruses. On the day before transfection, 700,000 293T cells were subcultivated in a 5-cm dish with 5 ml of DMEM. Two micrograms of purified PCR product (QIAquick PCR purification kit; Qiagen) was mixed and coprecipitated with 10 g of XbaI-digested VOL. 47, 2009 HIV SUSCEPTIBILITY ASSAY FOR ALL APPROVED DRUGS 2233 proviral vector. DNA and CaCl 2 were gently mixed and added to an equal volume of 2ϫ HEPES-buffered saline. After 20 min of incubation at room temperature, the mixture was added to the 293T cells. The medium was refreshed with 5 ml DMEM after overnight incubation. Transfection was monitored through fluorescence microscopy as described previously (5) . Two days after transfection, 5 ml supernatant was transferred to freshly seeded U87.CD4.CCR5.CXCR4 cells. Cell cultures were monitored for EGFP expression by fluorescence microscopy. Virus supernatants were harvested by lowspeed centrifugation and stored in 1-ml aliquots at Ϫ80°C for further use. Drug susceptibility testing. One hundred microliters of medium containing 20,000 U87.CD4.CCR5.CXCR4 cells was seeded within each well of a 96-well tray. Two hours later, triplicate fivefold serial dilutions of the drugs (RT inhibitors, IN inhibitors, and entry inhibitors) were performed within the tray, followed by the addition of 100 l of virus-containing medium to reach a final volume of 200 l/well. Virus was prediluted based upon viral titration experiments to obtain 10% EGFP-expressing U87.CD4.CCR5.CXCR4 cells in each well, without any inhibition of antiviral drugs. For MVC and AMD3100, infection was not carried out until half an hour after the addition of the compound to allow for interaction of the compounds with CCR5 and CXCR4, respectively.
Twenty-four hours after infection, the percentage of EGFP-expressing cells was determined by flow cytometry. The 50% inhibitory concentration (IC 50 ) was calculated according to the method of Reed and Muench (37) .
For PI susceptibility testing, 100 l medium containing 15,000 U87.CD4.CCR5. CXCR4 cells was seeded within each well of a 96-well tray. Two hours later, 100 l of virus-containing medium was added. Another 3 h later, supernatant was replaced with 200 l medium containing fivefold dilutions of the PI. Forty hours after infection, the supernatant was transferred to U87.CD4.CCR5.CXCR4 cells seeded at a density of 20,000 cells/well 2 h earlier. Twenty-four hours after the second infection round, the percentage of EGFP-expressing cells was determined by flow cytometry. The IC 50 was calculated according to the method of Reed and Muench (37) .
RESULTS
Construction of molecular proviral clones. The plasmids pNL4.3-⌬gagPR-EGFP, pNL4.3-⌬PR-EGFP, pNL4.3-⌬RT-EGFP, and pNL4.3-⌬IN-EGFP were generated by deleting specific re- a Starting from cycle 11, the extension time was elongated by 5 s for each cycle, and the annealing temperature for PR amplification was decreased to 55°C.
gions from the p83-2 plasmid by inverse PCR using PfuUltra high-fidelity DNA polymerase (Stratagene) (Fig. 1A) . The primers were designed such that each encoding fragment was removed and an XbaI restriction enzyme recognition site was inserted in the deleted region. The following combinations of primers were used to generate the deletions: for the gag-PR region, 5Ј-TCTAGATTTTCCCATTAGTCCTA TTGAGACTGTACCAG-3Ј (positions 2546 to 2577 in pNL4. No mutations in comparison to the parental DNA were observed, and sequencing confirmed deletions going from p17 amino acid 7 to PR amino acid 98 in pNL4.3-⌬gagPR-EGFP, from PR amino acids 1 to 99 in pNL4.3-⌬PR-EGFP, and from IN amino acids 1 to 288 in pNL4.3-⌬IN-EGFP. Sequencing confirmed the deletion of amino acids 1 to 560 of RT in pNL4.3-⌬RT-EGFP but also revealed the presence of one mutation in comparison to the parental DNA. At position 2528, a G-to-T mutation was present, which would change a glutamine to a histidine at position 94 in PR. Since this mutation was close to the XbaI restriction site (positions 2550 to 2556), it was within the part of the virus that was derived from the PCR amplicon after recombination (as verified by sequencing of recombinant virus [data not shown]) and thus did not interfere with susceptibility testing. pNL4.3-⌬env-EGFP displayed a deletion from gp120 amino acid 34 to gp41 amino acid 237 (53) .
Amplification performance. The primers were designed to enable the amplification of divergent strains from different HIV-1 group M subtypes and the amplification of fragments sufficiently long to enable homologous recombination with the respective molecular proviral clones (at least 100 bp of over- Table 1) . Cycling conditions were optimized with a dilution series of HIV-1 IIIB in PBS, ranging from 1,000,000 to 10 RNA copies/ml ( Table 2 ). The optimized nested PCR procedures were specific, generating only a single amplification band, and they were very sensitive (detecting 10 to 100 RNA copies/ml). Subsequently, they were each validated on a set of clinical samples belonging to a broad range of HIV-1 group M subtypes (A, B, C, D, F, G, H, J, CRF01, CRF02, CRF03, CRF05, CRF12, and CRF13) and displaying a viral load range of 200 to Ͼ500,000 RNA copies/ml ( Table 3 ). The success rate varied from 91 to 100% depending on the viral load range and from 95 to 100% depending on the specific assay. The total amplification success rate was 97% (including only samples above the cutoff of 1,000 RNA copies/ml recommended for resistance testing in clinical practice).
Production and characterization of replication-competent recombinant viruses from reference strains and clinical samples. At first, the transfection, homologous recombination, and subcultivation procedures were fine-tuned for the X4 strain a Samples belonged to the genetic forms A (12%), B (17%), C (9%), D, (8%) F (6%), G (8%), H (1%), J (4%), CRF01_AE (8%), CRF02_AG (11%), CRF03_AB (3%), CRF05_DF (1%), CRF12_BF (5%), and CRF13_cpx (5%) or were a unique recombinant form (2%), as determined by the Rega subtyping tool (9; http://www.bioafrica.net/subtypetool/html/). The failed amplifications of the PR and RT regions and one in the IN region were performed on the same sample, belonging to CRF03_AB, and we believe that this can be attributed to poor quality of the extracted RNA (50) . Since no more sample was available, we could not reextract the RNA. The other failed amplifications belonged to subtype B (gag-PR), subtype C, CRF01_AE, and CRF02_AG (IN).
XbaI-cut molecular proviral clones, i.e., pNL4.3-⌬gagPR-EGFP, pNL4.3-⌬PR-EGFP, pNL4.3-⌬RT-EGFP, pNL4.3-⌬IN-EGFP, and pNL4.3-⌬env-EGFP. Using optimized conditions (as mentioned in Materials and Methods), virus supernatant could typically be harvested 3 to 5 days after infection of U87.CD4.CCR5.CXCR4 cells (see Fig. 4 ).
Next, replication-competent viruses containing env genes of different R5 subtype B strains (BaL and Ada) and a dual-tropic (R5/X4) HIV-1 strain (HE) were generated by the same methodology. Potential changes in the tropism of the virus (due to growth on cells expressing high levels of both CXCR4 and CCR5) were controlled by infecting U87.CD4.CXCR4 cells and U87.CD4.CCR5 cells with the respective recombinant viruses, and no changes in tropism were observed (as monitored by fluorescence microscopy), even after cultivation on U87.CD4.CCR5.CXCR4 cells for more than 2 weeks (data not shown).
Finally, 22 recombinant viruses with recombination within the different regions were generated starting from several clinical HIV-1 samples. Irrespective of the viral load (range, 2,000 to 120,000 RNA copies/ml), subtype (A, B, C, D, G, J, and CRF02_AG included), and drug resistance profile, the procedure was successful in generating replication-competent recombinant viruses within a similar time frame to that for the reference strains. For the samples that were tested, no major selection biases occurred, as observed by population sequencing of the harvested recombinant strains. Sequences from all viruses that were generated using the PCR product from a single cloned sequence were identical to the original clone from which they were derived. For a few recombinant viruses generated directly from amplified plasma samples, population mixtures present in the plasma sample were no longer present in the recombinant virus stock. All major resistance-associated mutations were unaltered, and the observed changes in mixtures at positions other than major resistance positions did not change the resistance level according to the Rega interpretation system (46; data not shown). Differences in gag between the original isolate and the recombinant virus were E62KE, A81TA, QL108L, KR411K, and NS441S for a subtype G sample, KR28R, IM31I, ND47N, and IML104IM for a CRF02_AG sample, and T239TA and F463FV for a subtype J sample. In PR, the following changes were observed: PS39PAS in a subtype D sample and VL33V in a CRF02_AG sample. For IN recombinants, the following changes were observed: IM50I and M281MV for a subtype A sample and T124TA for a subtype C strain.
Determination of optimal time point for quantification of EGFP-expressing cells as a marker for viral titer. Taking into account practical considerations and the aim to develop a single-cycle assay, it was necessary to investigate whether infection of U87.CD4.CCR5.CXCR4 cells could accurately be quantified at 24 h postinfection based upon EGFP expression. Both fluorescence microscopy and flow cytometry allowed for detection of EGFP expression at this time point (Fig. 2) . Moreover, a linear relationship was observed between volume of viral input and the percentage of EGFP-expressing cells (as determined by flow cytometry).
Susceptibility testing with PIs. In using expression of recombinant virus-encoded EGFP as a marker for viral production VOL. 47, 2009 HIV SUSCEPTIBILITY ASSAY FOR ALL APPROVED DRUGS 2237 (5), drug susceptibility testing needs to be adjusted to determine PI susceptibility profiles. This is because PIs act by inactivating the viral PR produced in the first replication cycle, rendering the produced virus noninfectious, and thus the infectivity can be measured only in a second replication cycle. Therefore, the viral production after a first round of infection in the presence of a dilution series of PI was quantified in a subsequent viral titration experiment. The optimal time point for transferring the supernatant from the first round to the second round was determined based upon several experiments in which p24 Ag production and virus production were determined for different reference strains and clinical samples (data not shown). Typically, production of virus did not start before 30 to 32 h postinfection, ensuring that transfer of supernatant at 40 to 42 h to the subsequent viral titration procedure generated sufficient virus for reproducible measurements and that only infectious particles produced by cells that were initially infected were detected. Additional experiments revealed that correction for the percentage of infected cells during the first cycle was not necessary to measure the IC 50 for PIs (data not shown). Reproducibility and accuracy of drug resistance testing. In order to assess the ability of the novel assay to determine susceptibility, the susceptibility of wild-type NL4.3 virus toward different inhibitors was first determined (Table 4 ). Since NL4.3 is CXCR4 tropic, it is not inhibited by MVC. Therefore, MVC was tested on a recombinant virus containing the envelope of the R5 strain BaL, and inhibition was indeed observed. For ENF, susceptibility was tested for three different recombinant viruses that harbored the envelope of either an X4 (NL4.3), an R5 (BaL), or an R5/X4 (HE) strain. The coefficients of variation ranged from 7 to 27%, with an outlier of 48% for testing of susceptibility of BaL against ENF.
Next, recombinant viruses containing specific mutations were generated using plasmids created by site-directed mutagenesis or cloned patient samples with known resistance mutations as templates for PCR. The change in drug susceptibility relative to that of the wild type was determined (Table 5) . Representative examples of susceptibility curves are shown in Fig. 3 . All measurements of altered susceptibility were consistent with the scientific literature in terms of magnitude and specificity. For example, the T66I mutation in the IN gene is known to confer resistance to EVG but not to RAL (18) . When several resistance-associated mutations were included in the recombinant virus, an increase in the degree of change in susceptibility was observed (e.g., Q151M complex mutation versus single Q151M mutation). Lastly, inclusion of the V38M mutation in gp41 of X4, R5, or R5/X4 strains resulted in a decreased susceptibility relative to that of recombinant viruses carrying the respective wild-type envelopes, and no evidence of cross-resistance to the CXCR4 receptor antagonist AMD3100 was observed. a Mutations were generated by site-directed mutagenesis, except for the two strains that originated from a clonal sequence from a patient sample (subtype B) ‫)ء(‬ and one strain that originated from a clonal sequence from another patient sample (subtype C) ‫.)ءء(‬ b Relative to the wild-type recombinant virus recombined in the respective region (gag-PR-p83-2, PR-p83-2, IN-p83-2, env-p83-10-gp41-D36G, env-He, or env-BaL) (triplicate experiment).
c Published reference in which comparable results were obtained.
Assay reproducibility for at least one inhibitor of each drug class was evaluated by three independent determinations of the change in IC 50 for mutant viruses relative to the wild type ( Table 4 ). The coefficients of variation ranged from 7 to 31%, with the highest variability for EVG and ENF.
DISCUSSION
The use of highly active antiretroviral therapy in the management of HIV disease has resulted in a decrease in HIVrelated morbidity and mortality (27) . Nevertheless, therapy failure does occur often, with drug resistance as a consequence. The composition of subsequent regimens is guided mostly by genotypic drug resistance testing in the current clinical setting. In cases of multiple failures with broad-drug-class cross-resistance or of failures with new drugs for which genotype-clinical response correlations have not yet been established or are limited, phenotypic drug resistance testing can help in clinical decision-making. Apart from this, phenotypic testing also provides a means to investigate qualitative and quantitative effects of novel mutations or combinations of mutations on drug susceptibilities and is thus a useful tool to improve genotypic interpretation systems.
For practical reasons, such as hands-on time and reproducibility issues, phenotyping is done mostly by recombinant virus assays. Despite the use of different testing strategies, the available assays show good correlations, although care should be taken in extrapolating values near the cutoffs of the different formats (36, 52) . The addition of ENF and MVC to the existing range of drugs in clinical practice prompted the need for assays applicable to viruses capable of using either coreceptor. In this respect, the assay described here is a single-cycle format, using U87.CD4.CXCR4.CCR5 cells, based on homologous recombination between patient-derived amplicons and molecular proviral clones (Fig. 4) . The proviral clones were tagged with the EGFP reporter gene, and relevant viral genomic regions were removed (p17 codon 7 to PR codon 98 in pNL4.3-⌬gagPR-EGFP, PR codons 1 to 99 in pNL4.3-⌬PR-EGFP, RT codons 1 to 560 in pNL4.3-⌬RT-EGFP, IN codons 1 to 288 in pNL4.3-⌬IN-EGFP, and gp120 codon 34 to gp41 codon 237 in pNL4.3-⌬env-EGFP). Only minor modifications to the described technology would be required to enable susceptibility testing for drugs addressing novel interaction points within the viral replication cycle.
Our assay was optimized for low viral loads and all group M subtypes. Although limited information is available on potential artifacts due to forced intersubtype recombination, intersubtype recombination does occur often in vivo, and recombinant viruses obtained in vitro are clearly viable. Additionally, one in vitro study suggested that using a subtype C backbone as opposed to a subtype B backbone did not significantly alter drug susceptibility measurements (4). The optimized experi- , and CRF12-13 within group M was 97%, even if taking only samples above the clinically useful cutoff of 1,000 RNA copies/ml into account. One concern is how well the initial viral population within the patient is represented within the recombinant virus population, as RNA extraction, amplification, and in vitro cultivation represent potential bottlenecks. To address these issues as much as possible, primers were carefully chosen to target the most conserved sites surrounding the viral regions of interest, and cultures were limited in time. No major selection bias occurred, as observed by sequencing comparison between original plasma samples and recombinant virus stocks. Drug susceptibility values are based on discrimination between infected and noninfected cells by measuring EGFP expression on a single-cell level through flow cytometry. Standard deviations and coefficients of variation were within the ranges found for other recombinant virus assays, and changes were consistent with the scientific literature in terms of magnitude and specificity (15, 17, 31, 34) . The single-cycle format ensures very little sequence evolution and selection bias against less replication-competent variants and ensures that potential effects of mutations present in the recombinant virus on interaction with calmodulin or other cellular proteins involved in apoptosis will have no influence on the assay readout (26) . An additional value lies in the potential to study recently described resistance mechanisms. Since almost the complete envelope sequence is recombined (starting from codon 34 and stretching to amino acid 237 of gp41), the impacts of mutations within different sections of gp120 on ENF and MVC susceptibilities can be investigated (10, 21, 38, 54 ; J. Heera, M. Saag, P. Ive, J. Whitcomb, M. Lewis, L. McFadyen, J. Goodrich, H.
Mayer, E. van der Ryst, and M. Westby, oral presentation 40LB, 15th Conference on Retroviruses and Opportunistic Infections, Boston, MA, 2008). The recombination of the entire RT sequence enables the measurement of the influence of mutations within the connection and RNase H domains of RT on RT inhibitor susceptibilities (41, 56) . Lastly, the potential to make both PR and gag-PR recombinants allows for investigation of the impacts of both cleavage site and non-cleavage-site mutations within gag on sensitivity to PIs (12, 24, 28, 32) .
In conclusion, we have optimized a single-cycle recombinant drug susceptibility assay that allows an accurate and reproducible measurement of susceptibility to all currently approved HIV-1 drugs for patient samples belonging to the major genetic forms within group M. This assay could help to decipher the different pathways leading to drug resistance and could thus improve existing genotypic interpretation systems. The molecular clones pNL4.3-EGFP and pNL4.3-⌬env-EGFP were provided by M. Quiñones-Mateu of The Cleveland Clinic Foundation (Cleveland, OH). All rights, title, and interest in these materials are owned by The Cleveland Clinic Foundation.
